MeCP2 is a chromosomal protein which binds to DNA that is methylated at CpG. In situ immunofluorescence in mouse cells has shown that the protein is most concentrated in pericentromeric heterochromatin, suggesting that MeCP2 may play a role in the formation of inert chromatin. Here we have isolated a minimal methyl-CpG binding domain (MBD) from MeCP2. MBD is 85 amino acids in length, and binds exclusively to DNA that contains one or more symmetrically methylated CpGs. MBD has negligable non-specific affinity for DNA, confirming that non-specific and methyl-CpG specific binding domains of MeCP2 are distinct. In vitro footprinting indicates that MBD binding can protect a 12 nucleotide region surrounding a methyl-CpG pair, with an approximate dissociation constant of 10 ~9M.
INTRODUCTION
DNA methylation in vertebrates is associated with alterations in chromatin structure and silencing of gene expression (1) (2) (3) . The discovery of proteins with an affinity for methylated DNA raises the possibility that their binding mediates the effects of methylation on both transcription and chromatin. In line with this idea, Antequera et al (4) have shown that accessibility of CpGs in nuclei to endonucleases depends on their methylation status. Methylated CpGs in intact nuclei are resistant to digestion by Mspl and TthI, whereas nonmethylated CpGs are comparatively accessible. Since both these enzymes are indifferent to CpG methylation in naked DNA, the simplest explanation for the observation is that there are factors in the nucleus that protect methylated sites.
Two factors have been identified that may mediate the biological effects of CpG methylation. One of these, MeCPl, binds to DNA containing multiple methyl-CpG sites (5) . There is also evidence that MeCPl can inhibit transcription from methylated promoters both in vitro and in vivo (6) . The second factor, MeCP2, also binds to DNA containing methylated CpG, but it differs from MeCPl in that binding is promoted by a single methyl-CpG pair (7, 8) . In situ immunofluorescence in mouse cells has shown that the protein is present throughout the chromosome arms, but is concentrated in the pericentromeric heterochromatin. The latter is also the location of the mouse major satellite DNA, which contains about half of all 5-methylcytosine in the mouse genome (9) . In the rat, which lacks a highly abundant methyl-CpG-rich satellite, MeCP2 is uniformly distributed in the genome. Thus the distribution of MeCP2 matches that of methyl-CpG in the genome.
At present only MeCP2 has been cloned, and its deduced amino acid sequence exhibits no extensive similarities with other DNA binding proteins, although it is rich in basic residues and contains short motifs [(R)GRP(K) (10, 11) and SPKK (12) ] that have been implicated in binding to the minor groove of AT-rich DNA (see FiglA) . The presence of potential minor groove binding structures in MeCP2 is unexpected, as methyl groups on the 5 position of cytosine are located in the major groove of B-form DNA.
MeCP2 also binds weakly to non-methylated DNA. Since this non-specific binding can be competed easily by addition of an excess of non-methylated DNA without affecting methylated DNA binding, it seemed likely that specific and non-specific binding sites were located in different parts of the molecule (8) . This possibility led us to try and isolate the minimal region required for binding to methylated DNA. The experiments described below show that this has been possible, and establish some characteristics of the resulting methyl-CpG binding domain (MBD).
MATERIALS AND METHODS

Construction of deletion mutants of MeCP2
The Notl/EcoRI fragment containing full length MeCP2 was blunt-ended and inserted into the Smal site of pGEX-3X for construction of an in-frame GST fusion plasmid. Deletion mutant plasmids were generated by restriction endonucleases or by exonuclease HI/SI deletion. Hindin deletion generated truncated proteins that start or end at amino acid 108; Asp700 truncated at amino acid 206; PvuII truncated at amino acid 277; and Sad truncated at amino acid 392. Other deletions were produced by exonucleasein resection from the above sites, followed by treatment with SI nuclease and blunt-end cloning. The reading frame of all clones was checked by sequencing the junction of * To whom correspondence should be addressed 5' truncated plasmids using the 18-mer primer TTCCCTCTA-GAAATAATT, which is complementary to glutathione Stransferase gene (20) . Full length and truncated MeCP2-GST fiision proteins were expressed in E.coli XL-1 Blue cells. Protein samples were denatured in protein loading buffer, and resolved on a 10% SDS-polyacrylamide gel. DNA binding activity was determined by southwestern assay as described (7) .
GST fusion proteins were purified on glutathione-Sephadex (Sigma) as follows (21) . Log phase E.coli cells were induced with IPTG for 3 hours, cooled on ice and harvested by centrifugation at 5000 rpm for 10 min. The cell pellet was resuspended in extraction buffer (lOmM sodium phosphate pH 6.8, 0.4M NaCl, lOmM mercaptoethanol and 0.1%Triton X-100), sonicated and centrifuged at 12,000 rpm for 10 min. Crude extract was mixed gently with hydroxyapatite (HAP) that had been pre-equilibrated in extraction buffer for 1 hour at 4°C. The HAP was then centrifuged at 3000 rpm for 5 min. Supernatant from the HAP step was diluted 4 fold with 50mM Tris-Cl pH 7.5, 0.1% Triton X-100 and GST fusion proteins were adsorbed by the addition of glutathione-Sephadex beads. The beads were washed with PBS 3 times and GST fusion proteins were eluted by addition of elution buffer (50mM TrisCl pH 8.0, lOmM reduced glutathione). Affinity-purified GST fusion protein was stored at -20°C.
To construct a non-fusion MBD expression plasmid, a PCR fragment containing MBD cDNA was inserted into pET-3c plasmid (22) . MBD was overexpressed in E.coli BL21(DE3)LysS cells and was predominantly present in die insoluble fraction of the cell lysate. Most of bacterial protein was soluble in buffer A (50mM NaCl, 50mM sodium phosphate pH 7.0, 10% glycerol and 0.1% Triton-XlOO). The remaining bacterial protein was further extracted with 1M urea and 0.4M NaCl in buffer A. MBD was solubilized in 2M urea-0.8M NaCl in buffer A and renatured by dialysis against 3 successive 2-fold diluted buffers (1M urea-0.4M NaCl in buffer A, 0.5M urea-0.2M NaCl in buffer A and 0.25M urea-0.1M NaCl in buffer A) and buffer A alone. Partially purified MBD (up to approximately lOmg) was applied to a Mono-S HR 5/5 column (Pharmacia) (equilibrated with buffer A) at a flow rate of 0.5ml/min. The unbound protein was washed out with 5ml of buffer A. Then a 20ml linear gradient up to 0.6M NaCl was applied to the column, with a final step to 1M NaCl in buffer A, and fractions of lml were collected. MBD was eluted between 300 and 400 mM NaCl. The fraction containing MBD was dialyzed against 50mM NaCl-50mM sodium phosphate pH 7.0.
Bandshift assay DNA-protein binding reactions were carried out in 20mM HEPES (pH 7.9), lmM EDTA, 3mM MgCl 2 , lOmM 2-mercaptoethanol, 10% glycerol and 0.1% Triton X-100. Labeled DNA was incubated with different amounts of protein on ice for 30min and then loaded on a 5 % polyacrylamide gel buffered in 6.7mM Tris-HCl (pH 7.9), 3.3mM sodium acetate and lmM EDTA for 4 hours at 100V in the cold.
DNase I footprinting
Plasmid pBR322 was methylated with M.Hpall (BioLabs) according to the manufacturers instructions. Methylated or nonmethylated plasmid was then digested with BamHI and labelled at its 3' end. Labelled DNA was either digested with Sail to generate a 318bp BamHI/Sall fragment mat contains one Hpall site 158bp away from the 3' end, or digested with PstI to generate a 1125bp BamH I/PstI fragment which contains two Hpall sites that are 205 bp and 214 bp away from die 3'end. DNase I footprinting was carried out according to Brenowitz et al. (23) . End-labeled DNA fragments were incubated with increasing amount of protein in 100 /tl of bandshift buffer for 30 min at 0°C. DNase I (2/d of 0. lmg/ml) was added for a further 2.5 mins of incubation. Digestions were terminated by addition of 350/il of ethanol, 25fd of saturated ammonium acetate and 2.5/il of lmg/ml tRNA. Precipitated DNA was washed with 70% ethanol and the dried DNA was resuspended in 10/d of loading buffer. Samples were heated to 80°C for 5 min before being applied to a 6% poly aery lamide-urea sequencing gel.
DNA methylation interference assay Gel-purified single-stranded GAM1 (1/tg) was labelled at its 5' end by T4 polynucleotide kinase and annealed with 4 /*g of its complementary strand GTM1. Double stranded probe was modified with 1 pA of DMS for 2 min at room temperature in 200/tl of DMS reaction buffer (50mM sodium cacodylate pH 8.0, lmM EDTA) (24) . The reaction was stopped by addition of 40 id of DMS stop solution (1.5mM sodium acetate pH 7.0, 1M mercaptoethanol) and 600 /A of ethanol. DNA was precipitated, washed once with 70% emanol and resuspended in TE. Bandshift gels were used to separate DNA-protein complexes from free probe. DNA was eluted from the acrylamide gel by incubation in 300 ml of elution buffer (0.5M ammonium acetate, lOmM MgSO 4 , lmM EDTA and 0.1% SDS) overnight. DNA was precipitated by ethanol, resuspended in 100 nl of 1M piperidine, and incubated at 90°C for 30 mins. Piperidine-cleaved DNA was lyophilized in a Speedvac evaporator. Lyophilization was repeated by adding 100^1 of distilled water. Samples were dissolved in 10/il of formamide loading buffer and analyzed on a 6% polyacrylamide sequencing gel.
RESULTS
Delineation of the methyl-CpG binding domain by deletion analysis
A set of expression constructs was prepared by inserting intact and truncated versions of MeCP2 cDNA into the plasmid expression vector pGEX-3X. Truncated MeCP2 cDNA fragments were generated by restriction endonucleases and exonuclease IH (see Methods) and are shown in Fig IB. The resulting MeCP2-glutathione transferase (GST) fusion constructs were transfected into E.coli XL-1 blue host bacteria for expression. Upon induction, most of the GST fusion proteins were well expressed as shown by Coomassie blue staining of whole cell protein after separation by SDS polyacrylamide gel electrophoresis (Fig 2A) . The full length GST-MeCP2 fusion protein, however, was poorly expressed (Fig 2A, 1/492 ). The expression products migrate on gels more slowly dian their molecular weights would predict. Slow migration is a feature of intact MeCP2, which has a molecular weight of 53kDa but comigrates with markers of 81kDa (7) .
To determine their DNA binding activity, proteins were electroblotted onto nitrocellulose membranes and incubated with radioactively labelled DNA probe (southwestern assay). Probes were 40bp in length and were either non-methylated (GAC), or methylated at multiple CpGs (GAM12; see Fig 3B; see reference 7). The southwestern assays showed dial in the presence of excess non-methylated competitor DNA, binding to labelled GAM12 was unaffected by amino terminal deletions of 78 or 89 amino acids (Fig 1; Fig 2B, lane 16 ), but further truncation to amino acid 102 abolished binding (Fig 2B, Ianel7) . Truncation from the carboxy terminus gave a boundary at position 162, beyond which binding to GAM 12 was lost ( Figure 2B , compare lanes 19 and 20) . Neither intact nor truncated MeCP2's could bind to the non-methylated probe GAC under these conditions, confirming that the interaction under study is methylation-specific (data not shown).
It is apparent from Figure 2A and B that the Coomassie blue staining patterns of certain truncated fusion proteins do not match their southwestern assay patterns. Although the induced protein bands on polyacrylamide-SDS gels were sharp and of the predicted size, southwestern analysis in the presence of competitor DNA showed methylated DNA bound to a 48kDa protein band (open arrow), corresponding with a stained band that is common to lanes 1-3 (open arrow, Fig 2A) Fig IB) were electroblotted as in (B) and incubated with multimers of 32 P-labeled GAM12 or GAC (see Fig 3B) . Expression levels were comparable with those shown in (A) as judged by Coomassie Blue staining (not shown). a degradation product can bind efficiently. From the migration of this fragment, and taking into account the abnormally high apparent molecular weights of these polypeptides (see above), we deduced that methylation-specific binding is associated with the N-terminal fragment generated by a reproducible break near to amino acid 200 of MeCP2. A protease-sensitive site close to this position has been seen previously in native MeCP2 (7).
Identification of a minimal methylated DNA binding domain
Deletion analysis indicated that binding to methylated DNA required the region between amino acids 89 and 162. A fragment corresponding to this interval (see Fig IB, bottom line) was therefore expressed in E.coli cells as a GST fusion protein.
Successful expression of the fusion protein was established by
Coomassie blue staining after electrophoresis on SDSpolyacrylamide gels (not shown). DNA binding activity was tested by southwestern blot analysis in the absence of competitor DNA. The 89-162 polypeptide showed very weak binding to methylated DNA, and did not bind to non-methylated probe DNA (Fig 2C) . Strong DNA binding activity was recovered when 11 amino acids from the N terminus (generating peptide 78 -162) or 7 amino acids from the C terminus (generating peptide 89-169) were added back to the 89-162 peptide (Fig IB and  Fig 2C) . Two of these fusion proteins (89-169 and 78-169) also bound to non-methylated DNA. The third (peptide 78-162), bound methylated DNA but not non-methylated DNA (Fig 2C) . Thus peptide 78-162 corresponded to the minimal region of MeCP2 that could bind methylated DNA specifically without showing excessive non-specific DNA binding activity. This peptide was named MBD. To facilitate structural and functional studies, we constructed a non-fusion MBD expression plasmid driven by the T7 promoter. A pair of oligonucleotides were designed that would amplify the MBD cDNA. The primers were also used to introduce an Ncol site plus an extra methionine codon at the 5' end, and a BamHI site at the 3' end. The NcoI/BamHI fragment was filled in and inserted into the blunted Ndel site of pET-3c. When expressed in E.coli cells, MBD was found predominantly in the insoluble fraction of the cell lysate. This material was collected by centrifugation, solubilised. Following renaturation, MBD was purified on a Mono-S column.
MBD binds DNA containing one methyl-CpG pair
The methyl-CpG dependent DNA binding of MBD was assayed by a bandshift experiment, using duplex probes containing different numbers of methyl-CpG pairs ( Fig 3B) . As shown in Fig 3A, MBD formed a complex with methylated DNA even when only one CpG pair was methylated (GAM1). A complex that migrated more slowly appeared when the number of methylated CpG pairs was increased to 4 (GAM4), and and a still slower complex was seen with a probe containing 12 methylated CpG pairs (GAM 12). The likely interpretation of these results is that the three shifted bands correspond to DNA-MBD complexes containing one, two and three molecules of protein per molecule of DNA respectively. According to this model, one methyl-CpG pair is required for binding, and the protein covers approximately 12bp of DNA. Additional methylCpGs within this 12bp domain are not available to be bound by another molecule of MBD. This explains why GAM3 can only form a 1:1 complex although it contains 3 pairs of methyl-CpG. Fig 3B summarizes the interpretation of the bandshift results.
DNase I footprinting with MBD DNase I footprinting was performed to locate the specific binding sites of MBD on DNA. An end-labelled fragment of the plasmid pBR322 was methylated at a CCGG site 158bp upstream of the 3' end, and incubated with purified MBD. Fig. 4A shows that the addition of increasing amount of MBD resulted in the appearance of a protected region encompassing the methylated CpG (Fig. 4A lanes b-g) . No footprint was seen on nonmethylated DNA (Fig. 4A i-j) . A similar protection pattern was seen when the complementary strand was labelled (data not shown; see diagram Fig 4C) . The protected region of 12-14 nucleotides for each methyl-CpG pair fits with die model suggested by the bandshift data (compare Figs 3B and 4C ). This was confirmed by footprinting over a BamHI/PstI fragment of pBR322 containing two Hpall sites 9bp apart. In this case, the footprint was 23bp in length (Fig 4B) , again consistent with a protected region of 12 nucleotides at each CpG (see diagram Fig  4C) . We estimated the dissociation constant of the protein-DNA complex using data from the DNasel footprinting experiment. The methyl-CpG site was approximately 50% protected against DNasel at an MBD concentration of 1.25xl0~9M, indicating a dissociation constant close to this value ( Fig 4A, lane d; and Fig 4B, lane d) . Non-methylated DNA showed no protection against DNasel at an MBD concentration 1.0xl0~8M. We conclude that binding to non-methylated DNA is at least an order of magnitude less strong than that for methylated DNA.
MBD binding requires symmetrically methylated CpG
Purified intact MeCP2 binds to DNA molecules containing symmetrically methylated CpG, but 5-methylcytosine in other sequence contexts does not bind to MeCP2 (8) . To investigate whether the MBD peptide retains specificity for methyl-CpG pairs, a set of probes were obtained that had the same base sequence, but different patterns of methylation. The probes were non-methylated (AB17-CG); methylated only at one CpG pair (AB17-MG); methylated at all cytosine's except the CpG pair (AB17-MM); and hemimethylated at CpG (AB17-hemi). As shown in Figure 5 , only AB17-MG gives a complex with MBD. Thus MBD retains the specificity for symmetrical methyl-CpG that is characteristic of the intact protein.
Methylation of G in the CpG site does not interfere with DNA binding A methylation interference assay was carried out to determine the effect of G modification on MBD binding (13) . Guanines in the probe GAM1 (Fig 3B) were partially methylated by DMS, and the modified probe was incubated with MBD. Bound and P-labeled GAM-1 (see Fig 3) was treated with DMS to partially methylate guanine at the N7 position. Bound and unbound probe were separated by a bandshift experiment and, together with input modified DNA, were treated with piperidine to cleave DNA at DMS-modified guanine. The resulting labeled fragments were analysed on a DNA sequencing gel. free probes were separated on a polyacrylamide gel and treated with piperidine to cleave the phosphodiester backbone at 7N-methyl-guanine. The cleavage patterns of free probe and bound probe were then compared by electrophoresis on a DNA sequencing gel. No difference was found between bound and free probes. In particular, DNA modified at the G that is base-paired with 5-methyl cytosine in the binding site was not underrepresented in the bound fraction (Fig 6) . An alternative assay by DMS footprinting did not detect methyl-CpG protection by MBD either (data not shown). The results of both DMS methylation interference and footprinting assays indicate no direct contact on the major groove between MBD residues and the 7N position of the guanine of methyl-CpG. However, the possibility that MBD interacts with 5-methylcytosine via the major groove is not excluded.
MBD binds DNA as a monomer
Proteins that bind DNA often do so as homo-or hetero-dimers. Dimerization is particularly common when the binding site shows twofold rotational symmetry. The methyl-CpG pair, though short, is symmetrical. To determine whether MBD binds as a dimer, a GST-MBD fusion protein and an unfused MBD were used separately and together in a bandshift assay. Using GAM1 as probe (one pair of methyl-CpGs; see Fig 3B) , the fusion protein gave a complex with low mobility on an acrylamide gel (lanes 2 and 3), whereas the non-fusion protein gave a high-mobility complex (lane 4). When GST-MBD and MBD were mixed, the fast and slow complexes were both produced (lanes 5 and 6), but no intermediate complex, indicative of a heterodimer between the two proteins, was seen. Similar results were obtained when GST-MBD fusion protein was partially cleaved with factor Xa. Once more only two complexes were formed, presumably corresponding to GST-MBD and cleaved MBD respectively (data not shown). The results indicate that MBD binds DNA as a monomer.
DISCUSSION
The methyl-CpG binding domain of MeCP2
MeCP2 is a chromatin-associated nuclear protein that binds to DNA containing methyl-CpG in a variety of sequence contexts. The purified protein also has a significant non-specific affinity for DNA. By constructing deletions of MeCP2, we found that amino acids 78-162 of MeCP2 contain the minimal region (MBD) required for binding to methylated DNA, while lacking its non-specific affinity for DNA. The amino acid sequence of MBD contains no recognisable DNA binding motifs. Intact MeCP2, however, contains several short motifs that have been seen in proteins that bind to the minor groove of AT-rich DNA sequences (reference 9; see Fig 1A) . These motifs, which are clustered in the central region of the protein, are excluded from MBD (the SPKK motif at the extreme N-terminal end is not essential for specificity; data not shown). It is likely that they contribute to non-specific DNA binding, as the central region of MeCP2 binds DNA regardless of methylation (data not shown).
The methyl-CpG binding characteristics of MBD are similar to those of intact MeCP2. Duplex DNA with only one methylCpG pair is bound, but there is negligible binding to DNA containing hemimethylated CpG, or 5-methylcytosine at non-CpG sites (Fig 5) . By these criteria, it appears that MBD folds appropriately in the absence of the remainder of the protein.
Bandshifts and DNase I footprinting indicate that a 12 nucleotide region surrounding the methyl-CpG pair is covered by MBD. At least 4bp of DNA are required flanking the methyl-CpG (data not shown), suggesting that MBD contacts the adjacent DNA backbone as well as the methylated bases themselves.
Absence of footprints in vivo
MeCP2 is a DNA binding protein in vitro, and it co-localises with chromosomes, but as yet no in vivo footprints comparable with those shown in Fig 4 have been detected . Sequences that might have been expected to show binding are the methylated human PGK1 promoter (14, 15) and purified mouse satellite chromatin (16) . Methylated sites in the PGK promoter did not show obvious footprints, and MeCP2 did not appear to co-purify with satellite chromatin. At face value, these results suggest that the protein is not bound. It is possible, however, that bound MeCP2 is lost under the conditions used in these experiments. Meehan et al (reference 8) showed that a large fraction of chromatin-bound MeCP2 is released by mild treatment with restriction enzymes or micrococcal nuclease. Extensive release occurred even under conditions where the DNA remained high molecular weight. The levels of DNasel used for footprinting of the PGK1 region in vivo may therefore have rapidly displaced bound MeCP2. Similarly, the extensive nuclease digestion used to prepare mouse satellite chromatin would be expected to cause loss of MeCP2 binding (16) . Thus the location of bound MeCP2 in chromatin remains an open question.
The molecular basis of MBD binding
Proteins that bind to DNA sequences with twofold rotational symmetry often bind as dimers, with each monomer contacting one half of the dyad (17) . The symmetry of the methyl-CpG pair raised the possibility that MeCP2 also requires dimerization for recognition of its binding site. The apparent absence of helixloop-helix, helix-space-helix or leucine-zipper motifs in MeCP2 did not preclude this possibility, but our results indicate that no heterodimer complex is formed when MBDs of distinguishable size are mixed with probe DNA (Fig 7) . Our ability to use the southwestern assay for MeCP2, in which proteins are immobilised following SDS gel electrophoresis, also argues that dimerisation is not required for binding to methylated sites.
In view of the symmetry of the methyl-CpG pair, we have looked for motifs within the MBD monomer that also showed potential symmetry. The sequence contains two copies of the sequence KQRR(K)S and two copies of AF(Y)XXKV (FiglC). Deletion of the first N terminal copy of KQRRS abolished the methylated DNA binding activity, but activity could be restored by addition of the 7 amino acid sequence GSPSRRE to the C terminus of MBD. We conclude that the highly basic KQRRS repeats do not contribute to the specific recognition of the methylCpG pair, but may be involved in binding to the sugar phosphate backbone of DNA. The two AF(Y)XXKV repeats are separated by three amino acids within a 15 amino acid sequence that has potential to form a-helix. Whether this region indeed forms ahelix, and whether it contains side chains that interact with methyl cytosine residues remain to be determined.
In considering the molecular basis of binding specificity, it is of interest that contacts with the 5-methyl group of thymidine are frequently mediated by alanine. For example, structural analysis of the yeast transcriptional activator GCN4 showed that the alanines at positions 238 and 239 are in van der Waals contact with thymine 5-methyl groups at position +3 and +1 of DNA (18, 19) . It is not yet known whether the three alanines in MBD are required for specificity. Current efforts to construct point mutations in MBD and to determine its 3-dimensional structure should to shed light on this matter.
